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Abstract 
Ambipolar carrier behavior in pentacene field effect transistor (FET) is studied using charge modulation spectroscopy (CMS) 
measurement in combination with displacement current measurement. According to the CMS measurement, signal modulation 
under the positive gate voltage that promotes electron injection into pentacene layer was clearly observed in vacuum, and the 
modulation disappeared after exposure to air of the device. The displacement current measurement in vacuum suggesting the 
presence of the electron injection well supported the CMS results. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
For the organic electronic devices such as organic field effect transistors (OFETs), device operation is ruled by 
the injection, accumulation and transport processes of carrier. Therefore, metal-semiconductor contact plays an 
important role in the organic electronic devices, because injected carriers dominate the device operation [1]. For 
instance, ambipolar behavior in OFET was observed by using appropriate electrode metals, {\it i.e.} electrons and 
holes are selectively injected from electrode with small and large work function, respectively [2-4]. In pentacene 
FETs, holes inject smoothly from Au electrode, because the energy level of the highest occupied molecular orbital 
(HOMO) in pentacene [5] is close to the work function of Au [6]. On the other hand, since electron should be 
injected into the lowest unoccupied molecular orbital (LUMO), the metal with small work function such as Ca and 
Mg is suitable to assist electron injection into pentacene [2]. The use of an appropriate electrode is the general way 
to realize the ambipolar operation in OFET. It was also reported that preparation process of metal electrode 
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significantly affects the device properties [7]. Thus, an adequate evaluation and control of injection processes is of 
great importance to improve the device performance effectively.  
The spectroscopic technique such as charge modulation spectroscopy (CMS) has been proposed to observe the 
carrier behavior in the organic devices from microscopic point of view [8-10], because the injected charges 
modulate slightly the optical properties of organic materials. For instance, injected holes reduce electron population 
of the HOMO level, and results in the attenuation of the HOMO-LUMO absorption of materials. A combination of 
these techniques enables us to discuss the detailed behavior of carrier. On the other hand, the displacement current 
measurements have been established to investigate the behavior of carriers in the organic devices, such as 
electroluminescent (EL) device and FET [11-15]. For the displacement current measurements, a triangular wave 
voltage is applied to the devices and the current response is measured. The measurement is simple, but the 
displacement current measurement is powerful technique to discuss the macroscopic information such as spatial 
distribution of carrier. In the present paper, ambipolar carrier behavior in pentacene FET is studied using the CMS 
measurement in combination with the DCM technique. 
2. Experiments 
A detail description of the experimental setup is shown elsewhere [10]. Briefly the scheme of experimental setup 
is the following. The samples used in the experiments were top-contact pentacene FETs. Heavily-doped Si wafers 
were used as substrates, and they were covered with a 500 nm thick thermally-grown dioxide (SiO2) and a spin-
coated 100 nm thick poly(methylmethacrylate) (PMMA) insulating layer, successively. Then the pentacene layer, 
approximately 30 nm thick, was deposited on the PMMA surface. After the deposition of pentacene, top Au 
electrodes (source and drain electrodes) with a thickness of 100 nm were deposited on the pentacene surface. The 
channel length (L) and width (W) were 80 Pm and 2 mm, respectively. 
For the CMS measurements, white light with a spot size of 10 Pm was incident to the sample, and the reflected 
signal was analyzed by a spectrograph and a high sensitivity cooled charge coupled device (CCD) image sensor. The 
external voltages were applied using source meters to operate the devices. For the electrical connection, the source 
and drain electrodes were connected to the ground, and external voltage was applied to the gate electrode. For the 
DCM experiments, a triangular wave voltage was applied to the devices using a high-speed voltage amplifier and a
function generator, and the current flowing in the closed circuit was measured. Amplitude and scan rate of the 
triangle bias was 140 V and 5.6 V/s, respectively. All measurements were performed in vacuum. 
3. Results and discussion 
Figure 1(a) shows the transfer characteristics of the top-contact pentacene FET measured under vacuum. In spite 
of using Au electrode, ambipolar characteristic was clearly observed. Since the energy difference between LUMO of 
pentacene and Fermi level of Au is approximately 2.0 eV [5], electron injection is quite difficult and it is reasonable 
Figure 1 (a) transfer characteristics of the top-contact pentacene FET measured under vacuum (b) 
transfer characteristics of the top-contact pentacene FET measured in air 
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to consider that electron injection from Au into pentacene is prohibited. Metal deposition onto the pentacene layer 
leads to the penetration of metal atoms into the pentacene layer [7]. Such penetration of metal causes the interfacial 
states near the pentacene/Au interface. For the hole injection with negligible injection barrier, such interfacial states 
must prevent the injection, and lead to the degradation of device characteristics such as field effect mobility. 
However, such interfacial states presumably accept electrons via tunneling process from Au surface. Electron 
injection, which is strongly prohibited by the energy difference between LUMO of pentacene and Fermi level of Au, 
is presumably promoted under the presence of such interfacial states. To obtain this transfer characteristic, a drain 
voltage of -100V was fixed and gate voltage was swept from -100V to 100V. Figure 1(b) shows the transfer 
characteristics of same device measured after exposure to air. As shown in the figure, electron conduction was 
completely suppressed owing to the electron trap of oxygen. 
Figure 2(a) shows the charge modulated microscopic reflectance spectrum obtained under the application of 
negative gate bias voltage. To obtain the modulated spectrum, reflectance spectrum under the gate application was 
subtracted by the off-state (Vg= Vd = 0 V) spectrum. As shown in the figure, signal modulation was clearly observed 
under the negative gate bias application, where holes are injected and accumulated at pentacene/SiO2 interface. For 
the negative bias application, signal modulation is almost proportional to the bias voltage. Figure 2(b) shows the 
charge modulated spectrum obtained under the application of a positive gate bias voltage. Signal modulation was 
not observed at a gate voltage of 60 V, whereas signal modulation was observed at a gate voltage of 140 V. This 
presumably indicates that the electrons were injected at a gate voltage of 60 V, indicating a large threshold voltage, 
and at a gate voltage of 140 V, electrons were injected and accumulated at the interface. After exposure to air, CMS 
characteristics change drastically. Modulation was not observed under the application of any positive gate bias 
voltage (not shown here). As mentioned, electron conduction (n-type operation) in pentacene FET was completely 
suppressed in ambient atmosphere due to the electron trapping. CMS results correspond well to the Id-Vg
characteristics. It should be noted that signal modulation was clearly observed under the negative gate bias 
application after breaking vacuum (not shown here). 
Characteristics of carrier injection were confirmed by the displacement current measurement. We demonstrated 
that this technique is useful for investigating the carrier injection characteristics of organic FET devices [15]. For the 
OFET devices, change in the effective capacitance between source/drain and gate electrodes after the channel 
formation can be observed by the displacement current measurement. Figure 3(a) show the results of the 
displacement current measurement for the top-contact pentacene FET measured in vacuum. As shown in the figure, 
holes are smoothly injected under the negative gate voltage, indicating low threshold voltage of hole injection. On 
the other hand, electron injection was also clearly observed with an injection threshold of 80 V. These results are 
consistent with the CMS results. We could not see signal modulation under the application of a positive gate voltage 
of 60 V, whereas could see the modulation at 140 V gate bias. Figure 3 (b) represents the results of the displacement 
current measurement after exposure to air of the devices. Electron injection was no longer observed within the 
experimental voltage region. That also corresponds to the CMS results measured after breaking vacuum. In any case, 
injection characteristics observed by the displacement current measurement supported the CMS experiments. 
Figure 2 (a) charge modulated microscopic reflectance spectrum obtained under the application of a 
negative gate bias voltage (b) charge modulated microscopic reflectance spectrum obtained under the 
application of a positive gate bias voltage 
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4. Conclusion 
Ambipolar carrier behavior in pentacene FET is studied using the CMS measurement in combination with 
displacement current measurement. According to the CMS measurement, signal modulation under the positive gate 
voltage that promotes electron injection into pentacene layer was clearly observed in vacuum, and the modulation 
disappeared after exposure to air of the device. The displacement current measurement in vacuum suggesting the 
presence of the electron injection well supported the CMS results. 
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Figure 3 (a) displacement current measured in vacuum (b) displacement current measured after 
exposure to air 
